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SUMMARY 
This review considers the various components which determine the total energy 
requirement of a product. A method which may be used by a designer to calculate the 
total energy requirement of a product, in a more appropriate manner than methods 
previously published, is described. With the proposed method the advantage of 
recycling materials from discarded products results in a lower energy requirement. 
Two examples are given to illustrate the calculation method. The first is a 
comparison of the energy used, in manufacturing hexagon head bolts by extrusion and 
cutting whilst the second concerns the energy commitments involved in substituting 
aluminium alloys for steel and cast iron parts in automobiles. 
INTRODUCTION 
For a number of years papers have been published which have analysed the energy 
involved in many different processes uch as: that needed for the production of 
materials from primary and secondary resources, that required by manufacturing 
processes and that consumed uring the use of products (e.g. automobiles and 
refrigerators). 
These analyses are necessary in order to optimise the energy requirements of the 
intended process. The final objective of the combination of these processes--the 
production of materials and the manufacturing and the functioning of a product 
(the word 'product' will be used in this paper for all technical conclusions)--is to
satisfy acertain eed. The designer has an important role to play in the minimisation 
of energy requirements. He sets up a list of requirements and determines the 
function(s) of the product. Next he determines how that function can be realised. 
Finally, he chooses the materials and the manufacturing methods to establish the 
form of the product. 
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Together these aspects determine the total energy requirement ofthe product. For 
example, an overestimate of the power requirement by the designer leads to the 
installation of an excessive power capacity, which may take relatively too much 
energy, with consequent waste of the superfluous power. The designer needs data 
and methods of calculating the energy requirements for the various phases of the 
product's life-cycle. 
By adding together the amounts of energy used in these different phases we find 
the total amount of energy used by the product. This is given by the simple equation: 
E r =E M +E F+E~ +E R (I) 
where: E T is the total energy requirement ofthe product, E M is the amount of energy 
needed for the production of the materials, E F is the energy used in the manufacture 
of component parts, E G is the energy requirement during the product's useful life and 
E R is the energy needed to prepare the product materials for recycling. 
The various components of the total energy requirement are considered in this 
review, together with important aspects uch as the energy input of manpower and 
transport and the impact of the product's useful life. Normally financial 
considerations determine whether a certain energy saving will be achieved. 
Nevertheless, in this paper only energy aspects are considered, because optimisation 
of the total energy requirement makes good energy analysis methods necessary. 
ENERGY NEEDED FOR THE PRODUCTION OF MATERIALS 
During recent years many papers have been published in which the energy required 
for the manufacture of important construction materials has been calculated. ~- s In 
such investigations the mean energy requirement for the manufacture of a certain 
amount of material (mostly per ton) is determined. Often it is assumed that a certain 
amount of scrap is added. 
Table 1 shows that the production of materials from scrap requires less energy 
than their production from primary sources. Therefore recycling of materials from 
discarded products is also desirable from the point of view of optimal energy use. 
TABLE 1 
ENERGY REQUIREMENTS FOR MATERIALS PRODUCTION 
Material From ore (Md/kg) ° From scrap (MJ/kg)  
Steel 72.02 25-561 
Cast iron 28-8 z
Aluminium 327.63 11.524 
Copper 61.23 9"72 a 
a A frequently applied unit of energy in the literature is the kiloWatt hour 
(kWh). In accordance with the recommendations of the 1FIAS, in this paper the 
Joule (J) or Mega-Joule (M J) (1 MJ = 0.278 kWh) is chosen as a unit of energy. 
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When the designer wants to minimise the energy requirement he must therefore 
take into account he amount of material that can be recovered from the discarded 
product. The energy saving associated with the recovery of materials in a generalised 
situation can be calculated by the following analysis (which is similar to that used by 
Berry and Fels 2 for the manufacture of automobiles from automobile scrap). 
The total amount of energy, E M, required for the materials production of a 
product is: 
E M = ~[m i . [esi. h i + eoi. (1 - h,)] (2) 
i=1  
where: n is the number of parts--e.g, the various materials of the product 
considered, ml is the gross amount of material before the manufacture ofpart i, esi is 
the energy required to manufacture the material of part/from scrap, e0i s the energy 
required to manufacture the material of part i from primary resources and h i is the 
recovery factor for the material of part i. 
The recovery factor is calculated as follows: 
h, = b. fv + (1 - b).fw (3) 
where: b is the factor representing the product manufacturing efficiency for the 
material (i.e. the proportion of rn~ that ends up in the product), J~ is the recycling 
factor of the production waste generated by the manufacture of part i (i.e. the 
proportion of the production waste recovered) andfp is the recycling factor of part i 
in the discarded product (i.e. the proportion which can be recovered from the 
discarded product). 
The variables are indicated in the materials cycle in Fig. 1. 
mi.(1-hi) j. 
~IATER ,ALS PRODUCTION~ 
mi.hi 
mi 
MANUFACTURIN~ " ,~ 
USE 
RECYCLING I " 
Fig. 1. The materials cycle. 
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It is sometimes convenient to determine the energy content of the material per 
kilogramme for a certain recovery factor, h i. We can calculate this quantity, 
designated emi, as follows: 
e,,i = esl. hi + eoi. (1 - hi) (4) 
In Fig. 2 e,, i is shown for steel, cast iron and aluminium as a function of the recovery 
factor, h i. 
Fig. 2. 
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The energy requirement for the production of 1 kg of material from primary and secondary 
resources, e,., as a function of the recovery factor, h. 
E~ can now be calculated as follows: 
E M = ~m i . emi (5) 
i=1 
The recycling factor (fp) may vary for the different components or materials of a 
product. The factor is dependent on the material selection for the different parts, the 
position with respect to the other parts, the joining techniques and the users' area of 
a product. 
The recycling factor for production waste (f~,) is dependent on the material type 
and manufacturing method. 
The amounts of energy required for the production of several important 
construction materials from primary and secondary resources are given in Table 1. 
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The sources of these data are indicated. The data that can be found in the literature 
for the energy content of materials how a considerable range of values arising from 
the different considerations which various authors include in their analyses. 
During the course of a Workshop organised by IFIAS in 1974 ~5 a number of 
recommendations were drawn up for such analyses. Figure 3, taken from the report 
of the IFIAS Workshop, shows the important energy inputs. The energy input on 
'level 4' is generally negligible. 
LEVEL I LEVEL 2 LEVEL 3 
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TO PROCESS 
ENERGY OF 
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I 
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DIRECT ENERGY 
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I 
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Fig. 3. The energy inputs of a process on different levels of consideration. 15 
A certain amount of material and energy will be necessary for the maintenance of
the product during its useful ife. This will differ for various types of product. When 
the amount of material is not negligible one could include it in the overall value of m i. 
However, when the recovery factor deviates from that of the original part (hi) an 
extra term must be inserted into eqn (2). 
THE ENERGY REQUIREMENT FOR MANUFACTURING 
The few publications available concerning the energy requirements of various 
manufacturing processes 7'~s'~9 tend to be concise and not very reliable; 
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consequently, little is known in a quantitatively accurate sense about the precise 
energy requirements of the various manufacturing methods. 
The energy used for manufacturing is determined by the direct energy used by the 
capital equipment, he energy content of machines (the more products that are made 
on a machine, the lower is this input energy per product), the energy requirements 
for transport and indirect energy requirements (for buildings, lighting, etc.). 
To determine the total energy required for the manufacture of a part, the energy 
use can be given per unit of manufacture; for example, the number of Joules per 
cubic centimetre of cut material or per kilogramme of cast product. 
These data are given in Table 2 for a number of manufacturing methods. 
TABLE 2 
THE ENERGY REQUIREMENTS FOR CUTTING AND CASTING 
Cutting: 
Steel 0.0126 MJ/cm s 
Aluminium 0-0022 MJ/cm 3 
Casting: 
Cupola 7 5.148 MJ/kg 
Electric furnace 7 10-8 MJ/kg 
The data for casting are corrected on the assumption that the mean output for 
casting is 70 per cent product and 30 per cent waste (mainly runners). 7 
To determine the energy requirement ofdeforming treatments other factors are of 
importance such as the amount and type of deformation, the kind of material to be 
deformed and the temperature of the deformation process. 
In addition, little is known about the energy requirements for corrosion 
protection. Gellings 8 considers three possible means of protection against 
atmospheric corrosion: painting; thermal galvanising and the use of aluminium. 
It appears that thermal galvanising is the best method from an energetic point of 
view. Galvanising is less favourable with respect o recycling, because of the zinc 
vapour that escapes during smelting. The energy used by these three protection 
methods is shown in Table 3. s 
TABLE 3 
ENERGY USE BY ATMOSPHERE CORROSION AND PROTECTION 8 
Industrial atmosphere Rural atmosphere 
liJetime: 10 )'ears liJ~,tirne: 35 )'ears 
(MJ/rn 2 ) , - l )  (Mj/rn 2 y 1) 
8"25 4-7 
5'1 1"1 
Painting 
Thermal galvanising 
Aluminium plus addition 
for corrosion 
Steel plus addition 
for corrosion 
8.3 5-5 
63.7 14.5 
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The assembly of a product also requires ome energy. It is assumed that generally 
this is sufficiently small for it to be neglected. 
THE ENERGY REQUIREMENT DURING THE PRODUCTS' USEFUL LIFE 
Often it is possible that several alternative nergy sources can be chosen for a 
product. For instance, driving can be achieved by the use of an electro-motor by 
means of a combustion engine. The energy requirement is therefore calculated back 
to the primary energy demand in order to make effective and equivalent 
comparisons between various possible energy sources. 
Let us assume that, for a certain performance, the electro-motor needs A MJ 
(electricity) whilst the combustion engine uses Bkg (fuel). With the help of a factor 
(Cb) it is possible to convert he fuel consumption of the engine to M J: 
C h .B MJ 
where C~ is the energy content of the fuel expressed in MJ/kg. 
To calculate the primary energy requirement, he energy used to produce fuel 
must also be taken into account. The energy conversion efficiency for generating 
electricity from thermal processes i about 30 per cent. Assuming that the major 
proportion of all electricity produced is generated in this way we find, for the energy 
requirement by applying the electro-motor: 33.3 A MJ. This is a simple example of 
the problems that arise in the calculation of the primary energy requirement. 
Table 4 gives the factors for the conversion to primary energy of the most 
important fuels. These values are taken from the work of Chapman et al. 9 The 
TABLE 4 
EFF1CIENCIES OF ENERGY INDUSTRIES 9 
Efficiency Factor 
Coal 96.0 1.04 
Coke 84.7 1.18 
Gas 71.9 1-39 
Oil 88.2 1-13 
Electricity 23.9 4.19 
factors in Table 4 are calculated with the efficiencies of the processes to extract and 
manufacture the fuels given. For instance, to obtain an amount ofoil with an energy 
content of 100 MJ we must spend another 13 MJ to have the oil in the right place. 
Different energy sources are compared in Figs 4 and 5.9 Figure 4 shows that there are 
no objections to electric stimulation from the energetic point of view. However, the 
batteries necessary for ~electric' driving result in a greater weight compared with the 
petrol powered car. This may lead to a higher energy requirement, as will be shown 
in an example considered at the end of this paper. 
I ! ! ! 
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Fig. 5. 
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Comparison of the total efficiency of electric and oil-fired house heating. ~ 
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A comparison between oil-fired and electric-powered house-heating shows the oil 
system to be significantly more efficient (Fig. 5). 
For machines that can be considered as a composite of energy source, 
transmission and load, we can aim at high energetic efficiencies for these 
components.I° However, this is only possible on a limited scale. Without doubt the 
application of 'renewable' nergy sources uch as wind and solar energy has to be 
recommended. 
Often the total installed power is used although the process needs only a fraction 
of such power. Usually this is caused by a lack of regulators or energy buffers. The 
superfluous power is dissipated. The energy use can be reduced considerably by 
applying good regulating systems and buffering of the energy surplus for a short 
period. 
Maintenance during the useful ife of a product has already been considered. The 
energy requirement of the materials of replacement parts can be taken into account 
with the determination of E M, as indicated in eqn (1). In the same equation all the 
other energy requirements have to be added to the energy use during the useful ife, 
E,;. 
ENERGY REQUIRED TO PREPARE FOR RECYCLING 
Because the energy requirement for materials production ishigh, the material cycles 
during the production and useful life of a product should be kept as small as 
possible. The general rule is: the smaller the cycle, the smaller the energy--and the 
material needs. 
The energy required to prepare materials for recycling is mainly fixed by: 
transport, size reduction (shredding, crushing) and separation. 
Tran,sport 
The energy requirements for a number of transportation methods are given in 
Table 5.11 Normally, scrap is only transported by ship, train or truck. Chapman'* 
takes into account a mean transport distance of 50 miles for copper and aluminium 
scrap. Assuming a mean energy requirement per kg-km for transportation by rail 
and truck of 1.15 x 10- 3 MJ/kg-km, the energy used to transport 1kg of scrap over 
a distance of 90 km is 0' 104 MJ. 
TABLE 5 
ENERGY USE BY DIFFERENT MEANS OF TRANSPORT 11 
Tramport  M J /kg /km 
means 
Air 
Road 
Rail 
Ship 
Pipeline 
26"2 × 10 ~3 
1"8 x 10 3 
0"5 × 10 -3 
0"4 x 10 -3 
0"3×10 3 
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Size reduction 
Frequently before smelting, scrap is reduced and a separation process is applied. 
A typical example is the shredding of automobile hulks and the separation of the 
different materials of their construction. 
The energy used by shredders i considerable. For example, the shredding of an 
automobile hulk (American make, weight _+1600kg) uses about 1440MJ 
(0.90 MJ/kg). 2 Chapman 4 stresses that copper scrap and aluminium scrap must be 
crushed before melting. This needs 0.561 MJ/kg. 4 
The energy required for the reduction of scrap is dependent upon the way in which 
the scrap becomes available, the degree of reduction and the kind of material. 
The separation of materials 
Several processes ~2 are in use for the separation of materials. Chapman 4 adopts 
0.036 MJ/kg scrap for magnetic separation. It is assumed that separation in air- 
classifiers or cyclones will need more energy. Assuming that the values given in the 
literature are correct, the mean energy required to prepare copper and aluminium 
scrap is as follows. 
For transport 0.104 MJ/kg 
For size reduction 0.561 MJ/kg 
For separation 0.036 MJ/kg 
Total 0-701 MJ/kg 
When no further energy intensive treatments are necessary, recycling of metals is 
always favourable from the energetic point of view. 
THE ENERGY INPUT OF MANPOWER 
One of the recommendations of the IFIAS Workshop ~ 5 says that where the energy 
analysis refers to developed or industrialised economies it is not necessary to 
consider the energy needed for the life support of manpower. 
Apart from this it is because Man always needs food in order to stay alive that we 
do not want to involve the energy input of manpower in energy analyses. 
TRANSPORT 
In almost every phase of the life of a product ransportation takes place. The energy 
used by the various transportation methods is given in Table 5. 
The designer has no role to play in the energy requirement for transport: the 
decisions about this are beyond his sphere of influence. Although the energy 
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requirement for transport may often be neglected, it should not be ignored in the 
analysis. 
THE INFLUENCE OF THE USEFUL LIFE ON THE TOTAL ENERGY REQUIREMENT 
Useful life is very important. For example, for a certain goal we can choose between 
two products, A l and A 2, for which the energy use per unit of performance is the 
same, although A 2 requires twice as much energy as A~ at the manufacturing stage. 
When the useful ife of A 2 is more than twice as long as that of A ~ it will be clear that 
A 2 deserves the preference. 
For a justified comparison it is always necessary to consider the total energy 
requirement per unit of performance. 
EXAMPLES 
Two examples are given below to illustrate the calculation method. The first is a 
comparison of the energy used in manufacturing hexagon head bolts by extrusion or 
cutting. The second concerns the energy analysis of substituting aluminium alloys 
for steel and cast iron parts in automobiles. 
The manujacture of  bolts 
Currently, bolts are normally manufactured by extrusion, clenching and rolling, 
whilst in the past they were produced by cutting. To determine which process is the 
most convenient from an energetic point of view, the calculation method escribed 
earlier will be applied. The dimensions of the bolt are given in Fig. 6. When the bolt is 
manufactured by deforming, the raw material is steel bar with a diameter of 12.5 mm 
and a length of 72 ram. 
] 
6O 
Q( 
-" 19 
Fig. 6. Dimensions of a hexagon head bolt manufactured by extrusion and cutting. 
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In the deformation process several steps can be distinguished--for example, 
cutting off, first extrusion, second extrusion, clenching of the head, cutting off of the 
head and rolling of the screw thread. 
In this process, waste material is generated only by cutting off the head. The 
complete process for the manufacture of one bolt needs 0.08 MJ of energy 
considering the efficiency of the press and the generation of electricity. 
For manufacturing a bolt by cutting, a hexagon bar with a diameter of 22 mm and 
a length of 68 mm is needed and the volume that has to be cut is 13 cm 3. The primary 
energy requirement for cutting is 0.0126 MJ/cm 3. Therefore the energy used for 
turning a bolt is: 
0.0126 × 13 = 0-164MJ 
The progress of the energy use calculation, up to and including the manufacture of a 
bolt by extrusion and cutting, is given in Table 6. The energy requirement for the 
TABLE 6 
CALCULAT ION OF THE ENERGY REQUIREMENT FOR THE MANUFACTURE OF BOLTS BY CUTT ING AND 
DEFORMING 
Cutting Deforming 
Raw material 0,174 kg 0.069 kg 
Production waste 0.108 kg 0.005 kg 
b 0.379 0.927 
L 0.95 0-95 
Jp 0.60 0.60 
h 0.817 0.627 
e, steel 25-6 MJ/kg 25-6 MJ/kg 
% steel 45-8 MJ/kg 45.8 MJ/kg 
e,,, steel 29.30 MJ/kg 33.13 MJ/kg 
EM 5-098 M J/bolt 2.29 M J/bolt 
E F 0.164 M J/bolt 0-0797 M J/bolt 
EM + EF 5.262 MJ/bolt 2.3697 MJ/bolt 
materials production, E M, is calculated with the aid of eqns (2), (3) and (4). The 
calculation shows that, without considering the energy required to prepare for 
recycling and that needed during the useful life, extrusion is by far the most 
advantageous process. 
Materials selection of motor parts 
The second example concerns the influence of the materials election of motor 
parts on the energy used during the u'seful ife of the automobile. A lower energy 
expenditure can be attained by aiming at a lighter automobile. This can be achieved 
by substituting aluminium or aluminium alloys for cast iron parts. This substitution 
may lead to a higher total energy requirement instead of a decrease such as will 
follow from the next calculation. In this example the energy required for 
manufacturing and preparing for recycling will not be considered. 
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It is possible that, by substituting aluminium for cast iron, the recyclability 
becomes substantially worse. ,This will affect the energy requirement for the 
materials production, especially because the production ofaluminium from primary 
resources needs a considerable amount of energy. The composition of the 
automobile before and after substituting aluminium for cast iron is shown in 
Table 7. 
Van Lieren 16 has indicated that 1 kg of aluminium can replace 2.2 kg of cast iron 
with a saving in weight of 1.2 kg. 
Table 7 shows that, for the automobile, a total saving in weight of 50kg can be 
achieved. 
TABLE 7 
COMPOSITION OF THE AUTOMOBILE BEFORE AND AFTER SUBSTITUTION OF 
ALUMINIUM FOR CAST IRON 
Composition o[ the automobile 
Original .4[?er substitution 
(kg) tkg) 
Steel 614 614 
Cast iron 170 80 
Aluminium 26 66 
Zinc 8 8 
Copper 14 14 
Remainder 168 168 
Total 1000 950 
By the reduction in weight of 1 kg a saving in fuel of 2.63 x 10-Skg/km is 
attained. This is 1.476 × 10 3 MJ/km.16 
Assuming that the mean useful life of a motor car is 100,000 km, the saving on the 
energy expenditure becomes: 
50 (kg) x 100,000 (km) x 1'.476 x 10 3 = 7380 MJ 
The literature~ v indicates that 90 per cent of the steel and cast iron and + 20 per cent 
of the aluminium of present day cars are recycled. Consequently, the recycle factors 
are as follows. 
For cast iron: j~ = 0.9 
For aluminium: fp = 0.2 
Let us assume that, by substituting aluminium for cast iron, the recyclability of the 
latter decreases to that of aluminium, 20 per cent, i.e. the recycle factors become: 
Cast iron: jp (cast iron) = 0.2 
Aluminium: fp (A1) = 0.2 
With the aid of eqns (2) and (3) we can calculate the energy requirement for the 
materials production, EM. The results of these calculations are given in Table 8. 
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TABLE 8 
CALCULATION OF THE ENERGY EXPENDITURE OF THE AUTOMOBILE BEFORE AND AFTER SUBSTITUTION OF 
ALUMINIUM FOR CAST IRON 
Automobile with the Composition after 
original composition substitution 
Aluminium Cast iron A luminium Cast iron 
Weight 26 kg 170 kg 66 kg 80 kg 
b 1.0 1.0 1-0 1.0 
Jp 0-2 0-9 0.2 0.2 
h 0-2 0.9 0-2 0.2 
e, 11"52 MJ/kg 0-0 11"52 MJ/kg 0.0 
e~ 327"6 MJ/kg 28.8 MJ/kg 327.6 MJ/kg 28.8 MJ/kg 
e,, 264.4 MJ/kg 2.88 MJ/kg 264-4 MJ/kg 23.04 
E M 6874"4 MJ 489.6 MJ 17450.4 MJ 1843.2 MJ 
E,,4(AI) +EM(Ci) a 7364.0 MJ 19293.6 MJ 
Uci = cast  i ron .  
We find that the materials production for the automobile with more aluminium 
needs 19,294~7364.0 = 11,930 MJ more energy. Because of this, the energy saving 
during the useful life (7380 M J) is completely nullified and the final result is an 
increase of the total energy requirement of: 
11,930 - 7380  = 4550 MJ  
When the designer takes into account the possibilities for recycling, it may be 
possible to process the aluminium in the automobile in such a way that the recycling 
factor increases. 
With a recycling factor of 0.9 for both the aluminium and the cast iron we find the 
calculation is as given in Table 9. 
TABLE 9 
ENERGY EXPENDITURE OF THE AUTOMOBILE AFTER SUBSTITUTION OF ALUMINIUM FOR ( 'AS]  IRON Wt J I I  A 
RECYCLE FACTOR OF 0"9  FOR BOTH MATERIALS 
('omposition after substitution 
Ahmtinium Cast iron 
Weight 66 kg 80 kg 
h 1.0 1.0 
L 
.1,, 0.9 0.9 
tl 0-9 0"9 
e, 11"52 MJ/kg 0"0 MJ/kg 
e~, 327"6 MJ/kg 28"8 MJ/kg 
e,, 43"13 MJ/kg 2"88 MJ/kg 
EM 2846"4 MJ 230"4 MJ 
EM(A1) + E~(ci) ~ 3076-8 MJ 
~ci = cast  i ron .  
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In addition to the energy saving during the useful ife, energy is also saved with the 
materials production. This saving amounts to: 
7363.6 - 3077 = 4286.6 MJ 
This example mphasises that, for an energy audit, the energy requirements during 
all life phases must be considered. 
No general conclusions can be drawn from the foregoing examples because the 
data used are not sufficiently reliable. For an accurate nergy analysis reliable and 
unequivocal data must be available. At the present time this is certainly not the case. 
CONCLUSION 
This paper describes a method which a designer may use to calculate the total energy 
requirement of a product in a manner which seems to be more appropriate than 
previously published methods. With the proposed method the advantage of 
materials recycling from the discarded product leads to a lower energy requirement. 
Generally nowadays no secondary scrap is used in the production of good quality 
carbon-steel and low-alloyed steel, because this scrap is too contaminated by 
elements that have undesirable influences on the properties of steel. This means a 
lower demand for scrap than is essentially possible. The consequence is a lower scrap 
price. Ultimately, this leads to a lower probability for the reuse of materials from 
discarded products. By means of the recycling factor,fp, this lower probability can 
be inserted in the energy calculation. When a product is designed in such a way that, 
after discarding, it can yield good quality scrap the energy gain will find expression 
through a higher recycling factor. 
In principle it is possible that with optimal energy use there is still no question of 
optimal supply of materials. For materials uch as iron and aluminium this may be 
justified by the prospect that, in the short term, the energy scarcity is more urgent 
than the scarcity of primary resources. For other materials uch as copper, tin, zinc 
and lead this is not true. There is a relationship between the scarcity of these 
materials and the scarcity of energy, 14 because the energy required for the 
production of materials i dependent on the ore grade (see Fig. 7). 5 The consequence 
of wasting these materials now will be an increasing energy requirement for 
production in the future. 
The overall consideration of the problems concerning energy, raw materials and 
the environment is referred to as Non-Waste-Technology (NWT), defined as: 'The 
practical application of knowledge, methods and means to provide the most rational 
use of natural resources and energy and to protect he environment'. Methodical 
design procedures should apply especially when supplemented bythe constraints of 
NWT, such as the calculation method given in this paper. 
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The energy requirement for the production of copper as a function of the ore grade. 3
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